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Physics Potential of a Few Kiloton Scale Neutrino Detector at a
Deep Underground Lab in Korea
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Outline

> Introduction to Yemilab

--Large Neutrino Detector, a.k.a. LSC

» LSC Physics Program and Potentials

1. Solar/Geo/Supernova Burst v

2. Dark photon Search
3. Sterile Neutrino Search

LSC:
Liquid Scintillation Counter



Yemilab @ Handuk Iron Mine

» The 1%t deep underground lab
! dedicated to science in Korea
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Yemi underground lab
~1 km depth

Large Neutrino._

experiment Access Tunnel

Down Slope: 12%

5



** Yemilab Construction (2017.09 — 2022.09, 60 months)

> Yemilab construction had two steps

> 1 construction (2017.09 — 2020.08) | 35 months K.S. Park

i ) @Yemilab Workshop
e Tunnel excavation : 70% of whole Yemilab volume

* Building cage system
* Purchase of surface office building

> 2nd construction (2021.06 — 2022.09) | 15 months

e LSC tunnel excavation : 30% of whole Yemilab volume
» Electricity, machinery, refuge, toilets
* Hoist, detector room, clean rooms for AMoRE-II

e Renovation of surface office
135m

782m access tunnel, 12% down slop ,_expr. zone

Main Tunne! 1(MT1), 782 Sa/12.0801R0wi &

I Excavation-1
[ ] Excavation-2



“* Media Coverage on “Yemilab Opening” ==
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The 1st Yemilab Workshop Oct.15-18, 2022

Oct 15 — 18, 2022 Y TRT .
High-1 Resort, Grand Hotel Convention Tower 5th floor https.//lndlco.lbs.re.kr/event/531/ Q

Asia/Seoul timezone

This is a Hybrid Workshop. Registered participatns will get ZOOM connection info.

Overview

Welcome to the 1st Yemilab Workshop!

Timetable
Yemilab is the first deep underground lab dedicated to science in Korea and its construction
was successfully finished recently. To celebrate the kick-off of the Yemilab, we are organizing

Contribution List

Registration this workshop and cordially invite world experts in underground physics. New ideas,
Participant List technologies, or perspectives will be shared in this workshop.
Venue Anyone who is curious or excited about Yemilab is very welcome to join us!

Accommodation s i
No registration fee.

Meals and Banquet
Free meals for all in-person participants who register by Oct. 6 (Th).
Gondola and Hiking
e 10/15 (Sat): Arrival, Registration, Reception

e 10/16 (Sun): Yemilab Tour

Covid Situation e 10/17(M)-18(Tu): Physics Workshop, Banquet

LOC

Visa & Entrance to
Korea

2 sunny.seo@ibs.re.kr




World Underground Labs

[ Yemilab is the 6t largest underground lab in the world.

: Southern
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Muon Flux Comparison

Total Muon Flux (em2s™!)
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** Yemilab Layout (Top view)

AMoRE hal |
ARS —
| | 2 & S .
' LT room | e NE-)
RRS top bottom — 2 s 8 e S
I oo J Totet | Perkine | 18 12 13 [E |2
- - 4 - —— — —+ - - - —%Bj— - — R - - —I—e——
[ o+800 LI i i | ,
| Toilet /& | 2 | S| g
Sump PIT e 18 X E
Electrical  pyrification |\t |
room = . = -
. Cyclotron(IsoDAR) [L} il
ccelerator <IGAM

Sunny Seo, Fermilab

LSC

/ 74m long

Adit

A COSINE

17.0—'J

LSC = Liquid Scintillation Counter

NKU



LSC cavern



Candidate Detector Design

SQX Target: 2.26 kton LS
i Buffer

Buffer: 1.14 kton mineral oil
1.5m| Veto: 2.41 kton water

20m [[17m

v 17m o

vig 20m N

\—/ )] ke "T;"" g 'i'-TlTilj’.TiT" il

1200(1800,2400) x 20 inch PMTs = 20% (30, 40)% coverage

Sunny Seo, Fermilab Fermilab Nu Seminar Oct. 19, 2023 14




Why LS Detector?

 Light yield of LS is high.

—>Good energy resolution, low energy threshold
—Good for physics at O(1~10 MeV)

v Discovery of neutrino in 1956 was done using LS detector
by Reines and Cowan’s team.

v 0,5 in PMNS matrix was discovered using LS detectors
in 2012 by Daya Bay & RENO.

v" Many sterile neutrino search experiments using reactor v

use LS detector (NEOS, PROSPECT, STEREO etc).

Borexino solar v experiment used LS detector.

JUNO is a LS detector to determine v mass ordering.

AN



Broad Physics Program

-'.‘... 'h ..‘.}'l__--..e'

*

Crust
Mantle
Outer Core
Inner Core

New step to
Geo Science

o o o - ——
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Phase-I

Detector alone

Broad Physics Program

Solar v S99 Supernova v

Crust
Mantle
Outer Core
Inner Core

New step to
Geo Science

~

oon (IB)
iameter

o o o - ——
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Hertzsprung-Russell Diagram

hot & bright

sunerglans
at, .l. 3

cool & bright

v?

] ®e ‘G <

S
Vi s

':;‘{ @
MAIN ,'.4-, :
SEQUENCE

white dwarfs

hot & dim

=0 0ao 10 000

Temperature, T,

S000

_ giants

** Main Sequence Stars

* Hot - Bright
e Cool 2 Dim
e ~90% stars in universe

» Understanding the Sun
would provide
important insights
to understand
Main Sequence Stars.




Solar Neutrino Production

PP chain

Main process for

low temp. star

CNO cycle

pp-v pep-v |
p+p—2H+et+, p+e+p—2H+v, 2C+p— BN +y
)] Y +
) Y 40
99.8% o o ane 1 7] 04% N s 19C 4 or 1
85% 2x10%% op, !
f L P BC+p—->TN+y
3He + 3He — “He + 2p|{|®He + p — “He + e* + 1, ;
pp-| 15% “N+p—10+7y 70O +p — N + %He
SHe + “He — 'Be + ¢ Y A
"Be.y 99.87% 0.13% 50 - BN + et + "E 51770 + et +
i i
1 {
7 - 7 7 8
Be + e ? Li +v, Be+p? B+y 15N + p s He + 12C 160 + p — 17F + y
‘Li+p —2%He |8B-v|°B—®Be" +e"+v, 1 !
i n > N +p— 100 +vy
pp-li 99.96% 0.04%

Solar v: ~3% of total E of Sun

8Be* + p — 2%He
pp-ll

Borexino (Nature, 2018)

Main process for
high temp. star




Flux [cm™ s' MeV™]

Solar neutrino spectra

Expected Observed

10" Vete D v te
12
10 pp [£ 0.6 %] a N,
100 200 300 400 500 600 700 800 900
l rrri I LI I LI DL I LI I LI I rrri I LI I LI DL I LI
10 —14C —11C
- pp 210po  ----Pile-up

‘ < 210Bj ---- External background
-y Z 1 'Be — 85Ky

g = — Total fit: P = 0.7
: x

: Z 107" CNO pep 8B
: -c
- o)
B o > %
E yé 10 v‘l "| ] T
» (0] A }
E Lﬁ "f:'" b i 1
- -3 .‘,\ g\i\ i \: ; H il
: 1 i, VLo [T
S . ! “:) "!".."’ et X ) llf,'\ N I B YWY B
- Al U Ly

500 1,000 1,500 2,000 2,500
Neutrino Energy [MeV] Energy (keV)
@Borexino

~70 billion solar v/cm?2/sec @Earth




Solar v Experiment

Borexino (2007-2021) LSC

Borexino DeS|gn 2200 8" Thom EMI PMTs

(1800 with light collectors
400 without light cones)

Stainless Steel
Sphere 13.7m &

Nylon Sphere
8.5m &

Muon veto:
200 outward-
poirting PMTs

100 ton
fiducial volume

Nylon film
Rn barrier

4 Holding Strings :
Stainless Steel Water Tank Steel Shielding Plates

18m & 8mx 8mx 10cmand 4m x 4m x 4cm

Sunny Seo, Fermilab Fermilab Nu Seminar Oct. 19, 2023 21



+*»* Borexino Solar Neutrino Measurements

Borexino (Nature, 2018)

Count Rate Comments on detection First detection
[cpd/100t/d] in BX

Clear signature on the shoulder 2007

<1 Small, but high energy, low background 2010

~3 Weak signature on top of "C 2012

~140 Low energy, partially covered by 14C 2014

~5 Small signal, migrating background (see talk) 2020

Not measurable today Signal too low, mostly covered by 8B never

— So far, Borexino is the only experiment
which measured all types of solar v except hep v.

22



*+* Borexino Solar Neutrino Measurements  Borexino (Nature, 2018)

0.8
[ Pee survival probability with Borexino data only! = Comptehensive chain:
- N Nature 562 (2018) 7728, 505.
0.7=  pp = Phys. Rev. D (2019)
0.6 :_ Be _: pp:
= | pep Vacuum-LMA —2 Nature 512 (2014) 7515, 383.
805._, 5 - e
B Nl 6B u Phys. Lett. B658 (2008) 101
n 4831177 a PRL 107 (2011) 141302
ad +6 cpd/100t ks
04— 134%£10 7 | u e
- cpd/100t ] PRL 108 (2012) 051302
0.3 27 + 0.4 T(?'zl 0.223 +0-021 4 sB:
- cpd/100t cpd/100t . Phys. Rev. D82 (2010) 033006
0.2 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
1 10
Neutrino energy (MeV)

— Error bars are large! 2



New Physics with Solar Neutrinos ?

Super-Kamiokande ]
Vacuum ~55% : Transition region : Matter ~35%
0-8 I | §E Bl II ] ’ *l I | | I |

o> Borexino (°B) ]

£ & Bl msw - -

x <1 up-turn ; - swerk . ]

e @ | | 3
I

)
N

New physics? | * ¢ 1
I e

S
)

o
O

Survival probability

SN0
0.4
1 4
| :
0.3 I C o
—— Standard | NSI-up ”1° """"" &
0.2 I I : O -1
— Sterile NSI-dw E|
BB B l RiSpigisy l 1 lll 1 1 1 l 1 1 1 l 1 1 I l 1 1 l l: 1l
01 05 1 | B} 3 5 I 10 14
\ E. [MeV] Y

~---___

— We aim to reduce the error bars

with LSC detector “Bigger & Better” than Borexino.

24



0.8
0.6}

£ 0.5}

0.21

0.8¢

0.6

¢ 0.5]

0.3}

0.21

0.7|

Borexino |
pp ‘

pep Vacuum-LMA

0.4}

0.3}

10° 10!
Neutrino Energy (MeV)

0.7}

Pre[iminary LSC@YemiIabj

7 |
Be pep Vacuum-LMA 7]

0.4}

5 years of data @LSC

10° 10!
Neutrino Energy (MeV)

Solar Neutrinos

— Shows Statistical Error Only.

Huge Reduction
of
Statistical Error!

Searching for BSM

would be possible!
If systematic uncertainties

are well in control.
25



0.8

— MSW-LMA
—— NSl up
0.71 —— NSI down
--=vacuum LMA
0.6 A pp

A
o8 0.5 -
0.4 -
Statistical error only
0.3 A
5 years of data @LSC
0.2 : :
101 10° 101

E(MeV)

Borexino-measured values are used with LSC statistical error.

Sunny Seo, Fermilab Fermilab Nu Seminar Oct. 19, 2023



Solar Metallicity (Z)

CNO cycle

Model GS98
Z/X 0.023
HZ

FLUX

The mass abundance of metals
(all elements heavier than He)

Near lio% 2009 o 2021|2022

AGS09met Caffaull AGG21
0.018 0.0209 0.0187
LZ LZ LZ

Dependenc

eonT

SSM-/HZ )

SSM-/LZ?@

MB22
0.0225
HZ

DIFF.
(HZ-LZ)HZ

pp\chain

pp (10° cm2 s) T-09 5.98(1+0.006) | 6.03(1+0.005) -0.8%

pep (108 cm2 s-1) T14 1.44(1£0.01) | 1.46(1+0.009) -1.4%

7Be (10° cm2 s1) ™ 4.94(1£0.06) | 4.50(1+0.06) (

8B (106 cm2 s*1) T24 5.46(1£0.12) | 4.50(1£0.12)

13N (108 cm2 s) T18 2.78(1£0.15) | 2.04(1%0.14)

150 (108 cm2 s1) T20 2.05(1£0.17) | 1.44(1+0.16) W

“Even a very small fraction of metals is sufficient
to alter the behavior of a star completely.”

» Impact the fate of a start:
size, temperature, brightness, lifespan, etc.

» Solar metalicity becomes a standard
for other stars’ metalicity.

1e9 Solar Metalicity
T rr———r-"—r" 1T
Preliminary
5.5 . HZ (GS98) -
: Global Fit e
[ Ve Yemilab
5.0 . . |
" Borexino
(AGS09met) ° _
a5 LZ .-
a0l 5 years of data @LSC -
A N R T R [ R R,
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
®p(em2s71) le6



Electron-antineutrinos from natural radioactive decays Watanabe
B-decay geo-neutrinos 2021

@ D)—> Pb + 80+ b~ +{61+ELT MD
2321, —298 Pb 4 60+ 4e™ —I——I—
K —% Ca+ e +{)+Q311 McD (89.28%)

Energy threshold, 1.8 MeV :
o b4 - inverse 3-decay
238U ——

s i Vo 1P— et +n

40K —_—

total ——

*Only geo-neutrinos from.and Th
are detectable right now

*40K geo-neutrino detection needs
another technology.

luminosity [1/s/MeV]
=
=S
!

1021 T T 17 T T T

0 0.5 1.0 15 2.0 2.5 3.0 35
energy [MeV]

;
Antineutrino Energy [MeV]

Number of geo Ve & amount of C A radiogenic heat




300

Rate dR/dE (NIU/MeV)
IBD: Strumia and Vissani (2003)

Geo & Reactor v Estimations at LSC

IBD channel

Antineutrino Spectrum: Yemilab (37.2N, 128.7E, -170m)
NuFit v5.0 NO; Huber (2011) + Kopeikin et al. (2021); Avg LF 2021-01 thru 2021-12

350 mmmm Reactor cores

__ Closest IAEA core
(HANUL-1)

—_ Selected Signal

(8 cores)

0) m— Geo 238U

== Geo 2*2Th

10

geoneutrinos.org

Antineutrino Energy E (MeV)

Geo-neutrinos: 60.6 + 13.6 IBD/year
Reactor-neutrinos: 460 ~ 1500 IBD/year

Sunny Seo, Fermilab

-
a @ o
(=] o [=]

Rate dR/dE (NIU/MeV)
ES: Antineutrino (0.0 < T < 15.3 MeV)
H
(=]

N
o

%

ES channel

Antineutrino Spectrum: Yemilab (37.2N, 128.7E, -170m)
NuFit v5.0 NO; Huber (2011) + Kopeikin et al. (2021); Avg LF 2021-01 thru 2021-12

m=== Reactor cores

__ Closest IAEA core
(HANUL-1)

—_ Selected Signal
(8 cores)

= Geo 238U

= Geo 25U

wem Geo 2*2Th
Geo “K,q

4 6 8 10

trinos.
Antineutrino Energy E (MeV) geoneutrinos.org

Geo-neutrinos are enhanced
in this channel.

Solar v background: ~x2
(= Directionality will help to remove this bkg.)



SN 1987A @Large Magellanic Cloud

7:35 (UT), Feb. 23, 1987, at 50kpc

| ® Kam-Il (11 evts,) || Water Cherenkov A
ol o IMB-3 (8 evts.)  Kamiokande-ll MB-siExon) J Supernova Burst:
B _w:f" o | A Baksan (5evts)) ' i;—»—-‘(1kton) . R
S , e ‘,\Jk > ‘:2. ~
530 l 14 events total T J o 1058 v
X N s ot & N A e [ tot:~1033¢r
%20* % } % + \ jj ===l — y § 0 ©
1ol — — - 3\ 2 ~99% Epurst
A * ?|( Liquid Scintillator ‘
oML 1] Baksdn ° EV : 1 ~ 100 Mev
0 2 4 6 8 10 12
Time (sec) S

» We need more precise measurement w/ more statistics.

¢ Betelgeuse (at 131pc) could become a Supernova any time.

30



SNEWS 1.0 SNEWS 2.0

(Since 2019)

Z

SNEWS: Supernova Early Warning System

— SNv Community

4 Astronomers (optical)

g s S : _ GW Community

- Multi-messenger

arXiv:2011.00035

..........

AMANDA/
IceCube

NEW

31



Supernova Burst v Estimations @ 10 kpc

Forming Forming

/ Netron star Blackhole

Interaction Channel 11.2Mgar 27.0 Meoiar 40.0 Mgojar

IBD 366/368  690/671  625/380
ve+12C CC 8/6 19/16 37/32
v.+12C CC 7/8 18/19 29 /27
v+12C NC 24 /24 54 /54 73/73

v-+e scattering 24 /24 40/40 21/22
Total 429/430  821/800  785/534
NO /IO

» LSC is expected to observe 430~820 v events
from SN burst at 10 kpc.

Sunny Seo, Fermilab 32



o Tn Wl oy ©vin P
'"'. o amies b ’!\ .e.

Broad Physics Program

Solar v

Phase-ll .-
w/ linac /~ € e
/ AR [ Crust

Mantle

,' Outer Core
" Inner Core
I
I
1
1
1
\

\

\ New step to

Geo Science

o o o - ——

Sunny Seo, Fermilab

33



Dark Photon (DP) ¢, ¥, A’

s* DP is the simplest and most popular hypothetical particle in a dark sector.

* DP can mediate interaction w/ dark matter.
* DP itself can be a candidate of dark matter.
* DP can be searched via vector portal.

2
1 € m,,
LD —=F FM 4 ' Fprr 4 2 A A
A TMV T 9" T 9 K T
| |
DP field strength tensor U(1), gauge field

g: “kinetic mixing” parameter

Sunny Seo, Fermilab 34



Dark Photon Search Scheme w/ LSC

¢ DP search experiments at underground
Izaguirre, Krnjaic, Pospelov, PRD 92, 095014 (2015)

A’ Production
"dark-strahlung"

A’ detection

1) ete-

process AI decav 2)
- TYY
€ > A > e+e-
100 MeV Shield A =2 yyy 3) Absorption
(100 kW) ” (Compton-like scattering)

Lsh =0.5m

Decay distance

Detector

Sunny Seo, Fermilab



Dark Photon Production & Detection @Yemilab

e beam

“Bremsstrahlung-like” process

] Visible Decays

A’ 2 e+e-(>1MeV)

A’ Dark Photon

- A" 2 yyy (<1 MeV)

1 Absorption

Compton-like N

36



Expected # of Dark Photons

 Production: “dark-strahlung”
(1 Detection : A’ = e+e- or 3y, or A’ absorption

N,X [E > DP production x-section
M E min Xmin
T 1, 1
—Lag (73 _
xdx | dtl,(Ey E.t] —p "% (1 — e~Lally)
0 \ ' J
Liu & Miller: PRD 96, 016004 (2017) only decay signal

We should add an additional term of DP absorption signal

to decay signal.
X[1- exp(_ Lde</l¢_ Ldet/ﬂ'det)]
\

Y ’ where,

L4e:: detector length
Aqer: DP abs. length in detector

decay or absorption signal

Sunny Seo, Fermilab
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log(g?)

Dark Photon Sensitivity

Dark Photon Sensitivity

—4 T ' =47 I | [ :
Yemilab (3 kton) Yemilab (3 kton)
_6 100 MeV e- bea _6 100 MeV e- bea
100 kW, 1 year 100 kw, 1 year
95%CL -8
-8
~10 ':f: -10
B
2 _12
= )
95%CL
d -14
.| Decayonly -164 Absorption only
_18 ]
-18 ! ! . -20 -15 -10 -05 00 05 1.0 15 20
-20 -15 -10 -05 00 05 1.0 15 2.0 logme(MeV)]
log[my(MeV)]
A Dark Photon Sensitivity
T | [ [
Yemilab (3 kton)
-6 100 MeV e- bea
100 kW, 1 year
-8
o -10
W
[@)]
2 _12
—~14
-16 .
Decay + Absorption
. -18 . . . : . . . ;
Sunny Seo, Fermilab —20 ~15 =10 =05 00 ©05 10 15 20 38

log[mg(MeV)]




Rough Background Estimation

Signal = Beam (ON — OFF) data

—> # of background events in beam OFF data can affect our sensitivity

#. BKG events
HEE IO TS (/year/1 kton fiducial vol.)

Solar v (8B), 935 Estimated from Borexino
residual, external BKG arXiv:1709.00756
Atmospheric v 67 Estimated from Borexino

J.Phys.Conf.Ser. 675 (2016) 1, 012014

Block w/ rocks (few meters)

Neutrons from beam 0 &5 MeV cut
from m n
v (from e bea_ cc/nc) 0 Negligible (1019
scattering
Total 1002

Sunny Seo, Fermilab Fermilab Nu Seminar Oct. 19, 2023
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Current Limits & Future Projections
S.H. Seo & Y.D. Kim

JHEP04(2021)135

107>

Belle-lI
—— FASER ]
— HPS E
LHCb 5
SHiP
—— SeaQuest
—— VEPP3 :
— Yemilab 0 bkg
—— Yemilab 103 bkg

10°°

1077 ¢

1078 |

- 95% CL

L T S T AT E—
/ 10 \\10 10 10 10

Yemilab 0 BKG Yemilab 103 BkG M¢ [GeV] https://gitlab.com/philten/darkcast

Best “direct” DP search sensitivity in M,;< 30 MeV (10° BKG) 40



Y = A’ Oscillations (m,< 1 MeV)

* yv—> A’ oscillation @ target (Tungsten)

4 1812.02719
Py = A) = € X —ggo——s, 1804.10777
(Am?)? + E5T 1501.07292

* A’—>y oscillation @ detector (Water)
m¢4
(Am?)? + E2T2

P(A" = v) = € x x T'L,

where Am? = \/(mé—m%)2+262mfb(mi+m?y) ~ |m3 —m2|, my, = /dmane/m.

&8
My

P(y < A') = € x
(05— miF 2P + B2 x (G — Y22 + E3TS,)

X FwL,

Ny ~ Ne X / ~ dE\P(y < A,)/ it (I§1)(t,E7) + ]§2)(t,E7))
E%“‘n 0 ’\ /

Tsai & Whitis, Phys.Rev. 149 (1966) 1248-1257 Photon flux per electron

Sunny Seo, Fermilab



vy =2 A’ Oscillation Sensitivity S.H. Seo & Y.D. Kim

JHEP04(2021)135
m, < 1 MeV
=
) NY
— -9 QD\L Sun-T
a2 HB aDM]|
15 k ' -
o 0 2 4 &6
Loglo m¢, [QV]

Best “direct” DP search sensitivity at sub-MeV region -



". ’:'n ! e

Broad Physics Program

Crust
Mantle
Outer Core
Inner Core

New step to
Geo Science

Phase-lll

w/ IsoDAR
or Radio source -

o m o = —
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Short-Baseline Anomalies: Current Status

Measured / predicted

Beam Excess

reactor flux anomaly
resolved with new input data
to flux calculation

reactor spectra
Is there really an anomaly?

gallium anomaly
unresolved, recently reinforced

LSND
unresolved

MiniBooNE
unresolved

?_\

—

|ll\\;> lll\\;) lll\\;> o

J. Kopp
@Nu2022

Still
unresolved
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Short-Baseline Anomalies: Current Status

J. Kopp
- reactor flux anomaly @Nu2022
resolved with new input data
to flux calculation
. 102 - ———
: 95% CL B LSND 90% CL (allowed)
B exclusion LSND 99% CL (allowed)
— P limits
T 10F — MicroBooNE 95% CL, (BNB data)
i: - B profiling over sin’e,,
For Still
3 -
o TE Ve appearance unresolved
. - MicroBooNE
-BNB Run 1-3
[ 6.369 X 10#' POT
10—1 1 11 llllll 1 11 llllll 1 11 11
z 107 107 10 107 1
- sin229ue )

unresoivea -
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[1] Sterile neutrino search with IsoDAR @Yemilab

Isotope Decay At Rest

- This method has never been tried!

Publications:

LS Purification *arXiv:2111.09480

' (PRD.105.052009)

* arXiv:2201.10040
(submitted to JINST)

* arXiv:2110.10635

IsoDAR@Yemilab
Cyclotron and Target
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¢ Cyclotron Room 2022.01.20

pe mi
|
| | _
| 10m
/.
e - l)' — e s

2022.02.10

Sunny Seo,







] Sterile v search w/ IsoDAR@Yemilab

The IsoDAR Cyclotron and lon Source

lon Source

. ™ 6 MetErs ————

Cyclotron

Low Energy Beam
Transfer Line

IsoDAR v spectrum

N

Flux (arbitrary units)
© oo -t I
P OO0 NPOOONDN

I|II|‘III|III||\I|II|IIII|III|HI|I|I|IIIII

o
(S

"2 4 6 8 10 12 _14 16

E, (MeV)

vle
Protons =
60 MeV
10 mA
600 kW Lo

(1) p+ °Be — BLi + 2p

p+°Be - B+n
(2) n+"Li—BLi+y

8Be + e~ +7e]

T1/,(8Li) ~ 0.84 sec

Fermilab Nu Seminar Oct. 19, 2023

IBD interaction

p +v, >e +n'

/A
¢ N P

n /. / delayed \__. —‘

® ' ~200ps J
- v
v 2.2 MeV)

-\

e ®---> @
prompt
p ‘. ~few ns
N
\

Y (11 keV)«---@--- >y (511 keV)

€



IsoDAR@Yemilab

Performance

Accelerator

Beam Current

Beam Power (CW)

Duty cycle

Protons/(year of live time w/ 100% duty)
Run period q
Live time

Target

Neutrino creation point spread (1o)

vV source

v flux during 4.0 years of live time

v flux uncertainty

60 MeV /amu of Hy

10 mA of protons on target

600 kW

80%

1.97x10%

5 years

5 yearsx0.80=4.0 years

9Be with 99.99% pure "Li sleeve
41 cm

8Li B decay (6.4 MeV mean energy flux)
1.147x10% v,

5% (shape-only is also considered)

Location

Fiducial mass q
Distance between source and target (min-max)
Fiducial radius

IBD Detection efficiency

Vertex resolution

Energy resolution

Angular resolution

Visible energy threshold (IBD and 7.-electron)
IBD event total (w/ 100% efficiency)

ve-electron event total (after cuts, 34% efficiency)

Yemilab

257 ktoi

9.5-25.9 m
7.5 m
100%

12 cm/+/E (MeV)
3.0%/ /B (MeV)

under study
3 MeV
2.02x10°
7060

2 M IBD events/5 yrs
~7000 ES events/5yrs

“Detector at Yemilab” assumptions are basically consistent with “KamLAND —897 tons, but bigger
(and with the possibility of directional reconstruction)”
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Observed/Predicted

1.00

0.95
0.90

0.85

Sterile v Search w/ IsoDAR@Yemilab

Possible Models & Signatures

(3+1) v

IsoDAR@ Yemilab: Am2 = 1 eV2 and sin229 = 0.1

AL

VAAVALT

—N o position/en: QY smearing
* With position/en gysmea ng

................................

0 1 2 3 4 5 6
L/E (m/MeV)

Observed/Predicted

1.00

0.95

0.90

0.85

(3+2) v

IsoDAR@Yemilab: (3+2) Model

with Kopp/Maltoni/Schwetz Parameters

A

N

Tt

N

|

0

1 2 3 4

é.
L/E (m/MeV)

6

7

8

Observed/Predicted

1.00

0.95

0.90 |
0.85

0.80 +

arXiv:2111.09480
PRD 105 (2022) 5, 052009

(3+1) v + v, decay

IsoDAR@Yemilab: (3+1) plus Decay Model
Am2 = 1.35 eV?, sin226 = 0.214 and r = 4.5 eV-!

L/E (m/MeV)

- IsoDAR@Yemilab can well distinguish different new physics models.

The (3+1)+decay model significantly reduces the tension between appearance
and disappearance experiments, improving the global-data goodness-of-fit.

1910.13456
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Sterile neutrino search Sensitivity
IsoDAR @Yemilab P(v,2> V,)

arXiv:2111.09480 10 -
IsoDAR@ Yemilab
PRD 105 (2022) 5, 052009 (5yr 50)

RAA Ne trino-d(lai q
)

 World-leading result
* Definite conclusion on

(3+1) v or not

&
>

3 A
T S
q

Advantage:
Unlike reactor/accelerator v,
IsoDAR has very well defined
v flux and shape.

/

Global Fit 2019

—IsoDAR@Yemilab 5yr 50
—Prospect 96days 50
RENO+NEOS 50
—Best-Gallex-Sage 30
---Best-Gallex-Sage 1o

0.1
0.001 0.01

Sunny Seo, Fermilab .
sin220,,

0.1 1
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2(6w)

IsoDAR@Yemilab Elastic Scattering Events

Weak mixing angle 6, measurement
assuming standard v interaction

0.28 A
Uncertanty: ~12% (Global reactors)
0.27 ~2% (IsoDAR@ Yemilab)
0.26 A
Global
& reactors
0.25 A
Dune
7y on-axis
IsoDAR@
0.24 A chi_labg } II E158 3 uDIs
I (w/ direction) Qweak IP\'DIS NUTeV R
APV(Cs) Tevatron & ®g
0.23 - -
0-22- LI | i UL L | T LR | ' LA | T L | M
1072 1071 10° 10! 102
Q[GeV]

aee

0.15 T
0.1 1

0.05 -+

-0.05 1

-0.1

-0.15 +———
-0.15

Fermilab Nu Seminar Oct. 19, 2023

arXiv:2111.09480
PRD 105 (2022) 5, 052009

NSI

]
N \Oh )

——

[ —IsoDAR@Yemilab 5yrs 90% CL (No Direction Cuts)
T —IsoDAR@Yemilab 5yrs 90% CL (With Direction Cuts)
- —Global Analysis 90% CL (Forero and Guzzo PRD 84 013002)

g

-0.05 0 0.05

R

-0.1 0.1

€ee
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[2] Sterile v search w/ radioactive sources
P(Vv.=2 V,)

"7 The Borexino detector and SOX

Useful data: distance range 4 -12.25 m
(Yemilab will be better)

Distance range: 7—22m

LSC @Yemilab

Fermilab Nu Seminar Oct. 19, 2023 54

Source
inside shield




[2] Sterile v Search Sensitivity w/ Radio-Source
Radio-active source

SOX original P(Ve=2 Vo) Yemilab
§ g —
4 r 2
el -
G o RAA S o5l RAA
ol Bl Very preliminary
050 051 Q>
~1.5 ~15- NB Longer oscillation length
i i not| simulated
E 5 You sheuld gain here
_2-1—1]lIIIlIlllllllllllllllllllll[ll\l\llll _2-1—|||||||]|I\|III‘II[lII\lIIIlI\IlIIIlIII
-2 -18 -1.6 -1.4 1. -1 -0.8 -0.6 -04 —9.2 -2 -18 -16 -14 12 -1 -0.8 -0.6 0.4 —Q.2
sin?(20) = 0.045 Log(sin{28) sin?(20) = 0.020 g Lo
[ Ce-144 100 kCi Ce-144 100 kCi
M. Pallavicini
Seminar @CUP-IBS

Sunny Seo, Fermilab
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Rough Timeline
LSC @Yemilab

_ Construction Data Taking
) 2024 I 2028 I

Still need funding for the LSC detector.
The construction depedns on when we get the funding.

Sunny Seo, Fermilab Fermilab Nu Seminar Oct. 19, 2023 56



M In the new Yemilab, a cavern for v detector (~2.3 kton LS target) was prepared.

- multi-purpose detector: Solar/Geo/SN v, dark photon, sterile v, etc.

(J Best measurements on solar v flux might be possible.

d 1 year operation of 100 MeV-100 kW e~ beam (2x1023 EOT):
- best “direct” dark photon search sensitivity
in O(1eV)<M,<30MeV (assuming 10° bkg events/year)

d IsoDAR@Yemilab: best sensitivity for sterile v search
in P(v,~> v,) channel. Can test different new physics models.



10*

10°

10

PRL 125, 071801 (2020)

90% C.L. Allowed
[JLSND

— MiniBooNE (2018)
[]Dentler et al. (2018)

[]Gariazzo et al. (2019)

IIIIIIII T Illlllll T Illlllll T TTTTTT

P(v, =2 v,)
v

O
3
v
<|

90% C.L. (CL,) Excluded
— NOMAD
--- KARMEN2

T IIIIIII| T IIIII|I| T TTTT

— MINOS, MINOS+, Daya Bay and Bugey-3
|

lIIIlII lIIIlI 11 ] 11 I (] I 1 I

IIIIHl I IIIIIIII I III]lIII 1 Illlllll LI LU I T LI

| llllllll | llllllll 1_¥A IIII 11 Illlll | llllllll | lll[llll ERI:

1% Ho® 96* 16~
. 2 _ 2 2
sin“26 . = 41U, IUMI

102 10"

« Some disagreements between
MiniBooNE & MicroBooNE

The tension between appearance
and disappearance channels

- Need a more complex sterile v

model ?
(if new physics is indeed the source of
the anomalous results)

» IsoDAR@Yemilab can test more complex sterile v model.
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(J New physics search w/ Iso-DAR@Yemilab

ES; v.+e” = v.+e”
wt * z°

2G2m. T\? T — (g, — _ 1

;i; _ 2 | g2 4 g2 (1 - E—) —gRgLW}i72 9r = 3(9v = 94), 91 = 5(9v + 9a)
NSI's alter the Standard Model couplings:
_ 1 + sin” @ = sin? 6 ¢R 1 eL
9L-2 Wy 9rR = w Sr=8r 1t &cc, gr=1ld 8T8,
: ; B 2m,G:E 1 _

(sin2 260y = (47a) / (V3G r M), ook, sck) == (gL . gge),
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(Continued...)
e- spectrum at t radiation length in beam target

(ln %)br—l

E,I(bt)

Ie(EO’E’ t) =

(b = 4/3 for vector particle)

Thick target approximation
(Tsai, 1974)

20.0¢

175}

15.01

125}

10.0+

0.02 0.04 0.06 0.08 0.10

Sunny Seo, IBS

10

0.01F

1 1 1 1 1 L L L 1 1 1 1 1 L L 1 1
0.02 0.04 0.06 0.08 0.10

E. [GeV]

E. [GeV]
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